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and causes malignant transformation in the absence of changes in
eIF4E, we made eIF4G-overexpressing cells and found that overex
pression of eIF4G caused malignant transformation.

Materials and Methods

Cell Culture. NIH3T3 cells were cultured in DMEM, supplemented with 2
mM glutamine, 40 mg/liter gentamicin, and 10% heat-inactivated FCS, at 37Â°C

under an atmosphere of 5% CO2 in humidified air.
Plasmid Construction. The plasmid containing human eLF4G cDNA

SK4G (Ref. 10;kindlyprovidedby Dr. Rhoads)was digestedwithEcoRl and
inserted into the same restriction site of a eukaryotic expression vector,
pCMVSPORT (Life Technologies, Inc.), that carries the cytomegalovirus
promoter (pCMVSPORT-eLF4G).

Stable Transfectlon. pCMVSPORT-eIF4G, which was purified by a Qia
gen anion-exchange chromatography column, was transfected into NIH3T3
cells using the Gene Pulser transfection apparatus (Bio-Rad). Trypsin-treated
NIH3T3 cells (2 x 106cells/0.2 ml) and pCMVSPORT-eIF4G (10 ,.tg) were
mixed gently in a disposable cuvette (Bio-Rad; interelectrode distance, 0.4 cm)
and a single electrical pulse was delivered from 960-@Fcapacitor, charged at
0.2 kV/cm. The sample was diluted with 10 ml of prewarmed fresh medium
and incubated for 48 h. After the incubation, S X l0@cells were resuspended
in 2 ml of 0.35% (w/v) agar solution containing DMEM plus 20% FCS and
overlaid onto a 0.5% agar solution in a 35-mm plate. Two days after plating,
2 ml of DMEM supplemented with 20% FCS were added. Colonies (N4G
cells) were isolated after 18â€”22days.

Northern Blot Analysis. TotalRNA was isolatedfrom2 X l0@cells using
the RNA Isolation Kit (Stratagene), and Northern blot analysis was performed
as described previously (11), using 20 @gof total RNA and 32P-labeledeIF4G
cDNA as a probe.

Western Blot Analysis. An antibody against eIF4G was prepared accord

ing to the method of Posnett ci' aL (12) using multiple antigenic peptide,

ESSKDPAEQQGKGVA,which correspondsto eIF4G amino acid positions
1364â€”1378(10). For the preparation of eIF4E antibody, the NdeI-HindIII
fragment of pMV7-4E (3) was inserted into the NdeI-HindIII site of pT7-7
(13), and the plasmid was transformed into Escherichia coil BL21 (DE3).
Overproduction of eIF4E was obtained by induction of T7 RNA polymerase
with 1 mM isopropyl-@3-D-thiogalactopyranoside. Rabbit antibody for eIF4E

was prepared by the method of Rebbe et aL (14) using a single SDSIPAGE
purified eIF4E. As for eIF4E Western blot analysis, 10 @.&gof protein from the
100,000 x g supernatant, and the RAF (15) was used for SDSIPAGE. The 20
,Lg of protein from the m7GTP-Sepharose-bound fraction of crude initiation
factors (16) was used for eLF4Ganalysis.

Test for Tumorigenicity. N!H3T3 cells and N4G3 cells (2 X 106cells)
were inoculated into BALB/c (nu/nu) mice (approximate body weight, 20 g;
Japan Clea Laboratories, Tokyo, Japan). After inoculation, the tumors were
monitored as described previously (17).

Results

To test the hypothesis that overexpression of eIF4G will result in
the transformation of cells, we transfected NIH3T3 cells with
pCMVSPORT-eIF4G. Cells were grown in soft agar, and nine col
onies showing anchorage-independent growth were isolated. The level
of eIF4G mRNA expression was measured by Northern blot analysis
(Fig. 1A). Among the nine colonies, three clones (N4G3, N4G4, and
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N4G3, a cell line that overexpresses translation initiation factor eIF4G,
one of the components of eIF4F, was made by stable transfection of the
human eIF4G cDNA into NIH3T3 cells. The cells expressed 80-100 times
greater levels of eIF4G mRNA than did NIH3T3 cells. N4G3 cells formed
transformed foci on a monolayer of cells, showed anchorage-Independent
growth, and formed tumors In nude mice. These results Indicate that
overexpression of eIF4G caused malignant transformation of NIH3T3
cells. It is also known that overexpresslon ofeIF4E, another component of
eIF4F, causes transformation of NIH3T3 cells. However, there was no
difference In the amount of eIF4E proteIn between N4G3 and N1113T3
cells, Indicating that cell transformation does not Involve a change In
eLF4E levels. The results may be due to an effect ofeIF4G on translational

control of proteIn synthesis directed by mRNAs having long 5'-untrans
hated region.

Introduction

Translational control plays an important role in the regulation of
eukaryotic gene expression (1, 2). This mainly occurs at the level of
initiation, involving Met-tRNAi binding to 40 S ribosomal subunits
and the subunit scanning on mRNA initiated by m7G cap recognition.
The latter is regulated by eIF4F, consisting of eIF4A, eIF4E, and
eIF4G. It is known that eIF4E, the cap recognition factor, is phos
phorylated in response to a wide variety of extracellular stimuli and
that the phosphorylation correlates with increased translation and cell
proliferation (1, 2). Furthermore, overproduction of eIF4E causes
malignant transformation (3) and an increase in the translation of
mRNAs containing extensive secondary structure in their 5'-UTR3 (4,
5). Because the mRNA for ODC, one of the key enzymes for poly

amine biosynthesis, has a long G+C-rich 5'-UTR (6), the ODC
mRNA is also efficiently translated in eIF4E-overexpressing cells (5,

7). Recently,we isolatedmouseFM3A ODC-overproducingEXOD-1
cells (8). Because ODC mRNA was translated efficiently in the
EXOD-1 cells, we examined the amount and properties of eIF4E and

found correlations among phosphorylation of eIF4E, association of
eIF4E with eIF4G protein, and enhancement of RNA helicase (9). We
also found that synthesis of eIF4G but not eIF4E was greatly en
hanced in the EXOD-l cells (9). We hypothesized that changes in
eIF4G in the EXOD-1 cells may be involved in the efficient transla
tion of mRNAs having long 5'-UTRs. To determine whether eIF4G is
involved in the efficient translation of mRNAs having long 5'-UTRs
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Fig. 1. Northern blot analyses of eIF4G mRNA
(A) and growth curves (B) of NIH3T3 and eIF4G-
overexpressing cells. Northern blot analysis was
performed as described in â€œMaterialsand Meth
ods.â€•Cells were seeded at I x l0@cells per 35-mm
plateandgrowninDMEMsupplementedwith10%
FCS. Cells were counted on the indicated days.
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N4G9) expressed the 4.3-kb eIF4G mRNA at levels 80â€”100times
greater than that in NIH3T3 cells. The levels of eW4E mRNA in these
three clones were almost the same as that in NIH3T3 cells (data not
shown).

The properties of cell growth of the mutant cell lines (N4G3, N4G4,

and N4G9) were different from those of NIH3T3 cells. Overexpres
sion of eIF4G mRNA decreased the doubling time in the monolayer
culture. Doubling time in the mutant cell lines was 13â€”18h, whereas
that in NIH3T3 cells was 21 h (Table 1). Although NIH3T3 cells
became confluent on day 5 after the onset of cell growth, eIF4G-
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Growth in monolayers

Fig. 2. Morphological characteristics of eIF4G-overexpressing cells. Anchorage-independent growth of NIH3T3 (A) and N4G3 (B) cells in soft agar. The procedure for growth in
soft agar was as described in â€œMaterialsand Methodsâ€•and in the legend of Table 1. NIH3T3 (C) and N4G3 (D) cells were maintained in culture for 3 days after reaching confluency.
Magnification. X66.
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Table1 Growth propcities of eIF4G-overexpressing cell linesandcontrolsCell

lineDoubling
time

(hy@Saturation

density
(X 106)Growth

in soft a@ar.
efficiency(%)Turnotigenicity'NIH3T321.5

Â±1.72.01 Â±0.301/4N4G3

N464
N46915.2

Â±0.1
17.9 Â±0.3
13.6Â±1.33.70

Â±0.2
2.83 Â±0.5
3.03Â±0.414.2

10.5
11.24/4
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overexpressing cells continued to grow, and the saturation density
increased, up to 1.8-fold (maximum; Fig. lB and Table 1).

The eIF4G-overexpressing N4G3 cells exhibited a malignantly
transformed phenotype. The N4G3 cells formed colonies in soft agar
(Table 1 and Fig. 2B), whereas no colonies were observed in NIH3T3
cells (Fig. 14). Although N4G3 cells could form foci on a monolayer
of cells (Fig. 2D), NIH3T3 cells could not form foci (Fig. 20.

Tumorigenicity was tested by injection N4G3 cells into nude mice.

All nude mice (n = 4) that were injected with N4G3 cells developed
tumors (Table 1). Tumors could be observed at 14â€”15days in all
cases. On the other hand, tumors were observed in only one of four

mice that were injected with NIH3T3 cells. The relative size of tumors
caused by NIH3T3 cells was nearly equal to that caused by N4G3
cells.

The amounts of eIF4G and eIF4E were measured by Western blot
analysis using tumor cells. Because the amount of eIF4G was small
and was not detectable with the 30,000 X g supernatant (9), eIF4G
was purified from the RAF (15) using m7GTP-Sepharose affinity
column chromatography and was used for Western blot analysis. As
shown in Fig. 3A, the amount of eIF4G increased greatly in eIF4G-
overexpressing N4G3 cells. However, the amount of eIF4E in the
100,000 x g supematant and the RAF of N4G3 cells was almost the
same as that of NIH3T3 cells (Fig. 3B).

The results, taken together, show that eIF4G overexpression causes
malignant transformation of NIH3T3 cells.

Discussion

In eukaryotic cells, gene expression is regulated at the level of not
only transcription but also translation. It has been reported that eIF4E-
overexpressing NIH3T3 cells (3) and cells having the dominant neg
ative double-stranded RNA-activated kinase (18), which inhibits
eIF2a phosphorylation, caused malignant transformation. Here, we
found that cells overproducing eIF4G cause malignant transformation.
Under our experimental conditions, eIF4E existed in the 100,000 X g
supematant, probably as an inactive form with PHAS-I (or eIF4E-
BP1) protein (19, 20), as well as in the RAF of both NIH3T3 and
eIF4G-overproducing cells (Fig. 3). It is clear from these results that
eIF4G caused malignant transformation in the absence of changes in
eIF4E. As expected, the ODC mRNA was efficiently translated in
N4G3 cells (data not shown). Furthermore, cells overproducing eIF4G
showed a rounder shape and stronger anchorage-independent growth
than did eIF4E-overproducing cells (data not shown). Thus, it is of
interest to know the difference between eIF4E- and eIF4G-overpro
ducing cells.

When mammalian cells are infected with viruses, eIF4G is cleaved,
and the COOH-terminal peptide of eIF4G functions for cap-indepen
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Fig. 3. Western blot analysis of eIF4G (A) and eIF4E (B) proteins in NIH3T3 and
N4G3 cells. Western blot analysis was performed as described in â€œMaterialsand
Methods.â€•

dent translation, in the absence of eIF4E, through its interaction with
ffi.ES in the 5'-UTR of viral mRNA (21). It has recently been reported
that some mRNAs in mammalian cells also have IRES, and accordingly,
some portion of protein synthesis from these mRNAs is cap independent
(22, 23). eIF4G itself is one of the proteins that are translated in an
IRES-dependent manner (24). Generally, an IRES is included in the
5'-UTR of mRNAs having a long 5'-UTR, such as those in the mRNAs
encoding oncogenes and growth factors (22, 23). These findings suggest
that eLF4G is a very important regulatory protein for both cap-dependent
and -independent protein synthesis. Thus, it is reasonable that overex
pression of eIF4G caused malignant transformation.
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